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Edited by Michael R. SussmanAbstract The promoters of several E2F-regulated genes identi-
ﬁed in plants contain a variety of E2F motifs, notably a compos-
ite element consisting of a ‘‘CDE-like element’’ C/GGCGG on
one strand, described as repressor in animals, associated with
an E2F element on the complementary strand. This detailed
study throughout plant development using ribonucleotide reduc-
tase promoters, allows us to propose a model, where E2F and
composite elements play a dual role. Such regulation is mainly
conditioned by the availability of E2F factors in tissues and dur-
ing the cell cycle in tobacco.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Many of the E2F-regulated genes identiﬁed in plants contain
at least two E2F motifs in their promoters [1], but sofar func-
tional data on their role in regulating plant promoters are lim-
ited. E2F elements have been mainly described in Arabidopsis
and tobacco gene promoters, with a consensus sequence
TTTCC/GC/GCG similar to that found in mammals: their po-
sition is variable in the promoter sequence and they can be
either in direct or reverse orientation, distal or proximal to
the TATA box, or even in the leader sequence of cDNA [1–
3]. In addition, they exist also as a composite element, consist-
ing of a ‘‘CDE-like element’’ (cell cycle-dependent element) C/
GGCGG on one strand, described as repressor in animals [4],
associated with an E2F element on the complementary strand.
In tobacco, such composite element is found with a single E2F
element in the RNR2 and RNR1a (ribonucleotide reductase)
promoters [5,6] as well as in the PCNA promoter [7]. The com-
posite E2F element is able to bind E2F complexes in vitro as
described for the CDE element in the B-myb, cdc2 and cyclinA
mammalian promoters [8,9]. Nevertheless, the coexistence of
E2F elements as single and composite elements in plant pro-
moters questions their role in development. In tobacco, onlyAbbreviations: RNR, ribonucleotide reductase; CDE, cell cycle-depen-
dent element; CHR; cell cycle gene homology region
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doi:10.1016/j.febslet.2006.08.067fragmentary data have been obtained either during cell cycle
or in diﬀerentiated tissues concerning the role of E2F elements
in gene promoters.
In this paper, we present an integrated study of the role of
E2F elements, notably the dual role of composite elements
with CDE in RNR promoters from dividing to non-dividing
cells to draw up a general model of regulation. Our results re-
ﬂect the existence of a complex network of regulation condi-
tioned by the availability of various E2F complexes during
plant development and cell cycle.2. Material and methods
2.1. Cell and plant culture
The BY-2 tobacco cell suspension was maintained by weekly subcul-
ture as described [10]. For cell synchronization, freshly subcultured sta-
tionary phase cells were treated with aphidicolin (3 lg/mL, Sigma–
Aldrich Inc., St Louis, USA) as described previously [11]. Plants were
grown in vitro or in the greenhouse under 12 h light/12 h dark cycle.
2.2. RNA isolation and northern blot analysis
Total RNA from plant tissues was extracted and analyzed as de-
scribed previously [12]. Northern blots were hybridized overnight at
42 C with [32P]-labelled probes in the presence of 50% formamide.
2.3. Plant protein extracts and western analysis
Five to ten grams of tobacco tissue were ground in liquid nitrogen.
The powder obtained was resuspended in 2 mL IEF buﬀer (7 M urea,
2 M thiourea, 4% CHAPS, 0.2% Triton X-100, 20 mM Tris–HCl pH
8). The mixture was centrifuged for 30 min at 15000 · g and the super-
natant was precipitated by the addition of 9 volumes of acetone at
20 C overnight and then centrifuged 30 min at 3000 · g. The pellet
was washed twice with 1 mL 80% acetone and then resuspended into
500 lL of IEF buﬀer. All steps were performed at 4 C. A polyclonal
antibody directed against the human E2F5 DBD (Santa Cruz Biotech-
nology Inc., Santa Cruz, USA) was used in western blot experiments
[5].
2.4. Nuclear extracts and gelshift assays
Nuclear extracts and gelshift assays were performed as described
previously [5]. After electrophoresis, the gels were dried and autoradio-
graphed. Probes carrying each E2F element of the RNR1a promoter
were used as described [6].
2.5. Promoter constructs and generation of transgenic cells and plants
Distal or proximal E2F mutated motifs were derived from the dou-
ble mutated RNR1a promoter construct in which both elements had
been mutated [6]. The WT and E2F mutated constructs of the RNR1a
and RNR2 promoters [5,6] were cloned upstream of the GUS reporter
gene into the Xba I–BamHI sites and into the BamHI site of the binary
vector pBI101, respectively. Plasmid constructs were introduced into
Agrobacterium tumefaciens strain LBA 4404, and tobacco plantsblished by Elsevier B.V. All rights reserved.
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method [13]. Seeds were collected from 10 independent primary regen-
erants and germinated on kanamycin for analysis of the T1 progeny.
The WT and E2F mutated constructs of the RNR1a promoter were
fused to the LUC reporter gene. Plasmids constructs were introduced
into A. tumefaciens LBA 4404 and used to transform BY2 tobacco
cells, as described [14]. About 1000 kanamycin-resistant calli were
pooled and grown as suspension cultures.
2.6. GUS histological analyses
GUS histochemical staining was carried out as described [15] on T1
plants issued from independent transformation events. Ten plantlets or
10 samples of tissues from each transformant were tested.
2.7. GUS and LUC assays
Quantitative GUS and LUC assays were carried out using either the
Tropix GUS Light kit (Applied Biosystems, Foster City, USA) or the
Tropix LUC light kit as described [2].3. Results and discussion
To address the role of single and composite E2F elements,
we have analyzed the activities of bothNtRNR2 and NtRNR1a
promoters (Fig. 1A) in dividing and diﬀerentiated tissues of
transgenic plants. We transformed tobacco with various
RNR promoter constructs fused to the GUS reporter gene:
WT promoters or promoters with the mutated distal E2F ele-
ment (dMU), mutated proximal E2F element (pMU) or both
mutated E2F elements (dpMU). Activity of the WT promoters
(Fig. 1B) was high in tissues, where active divisions occur such
as young leaves (YL, 0.5-cm long-leaves), young ﬂower buds
and roots (Supplementary Data 1, 2), but was very low in dif-
ferentiated tissues such as mature leaves (ML, 5-cm long-
leaves). As histochemical GUS staining is much less sensitive
than the quantitative GUS assay, notably for low promoter
activities, we have evaluated promoter activities of our RNR
constructs by luminometric assay of GUS activity. Interest-
ingly, the YL/ML ratio value of RNR1a promoter activity
(42-fold) was higher compared to that of RNR2 promoter
(15-fold). Mutations of either the distal composite E2F ele-
ment or the proximal single E2F element or of both of them
in the RNR1a and RNR2 promoters decreased their activity
compared to the WT in dividing tissues, suggesting that these
motifs act as transcriptional activators in these tissues. In ma-
ture leaves, only mutation of both E2F motifs decreased
RNR1a promoter activity whereas mutation of each element
individually had no signiﬁcant eﬀect on the promoter activity
suggesting there that some cooperative eﬀect exists between
these two elements. Interestingly, activity of the RNR2 pro-
moter was found to slightly increase when either the composite
element or the single E2F element were mutated, suggesting
that these motifs act mainly as repressors of RNR2 promoter
activity in mature leaves as it was observed for PCNA pro-
moter [16]. Very similar results were also obtained throughout
plantlet development in two- and six-leaf tobacco plantlets
(Fig. 1C, black and white bars, respectively). Whereas pro-
moter activities were high in two-leaf plantlets in which cells
are actively dividing, they were considerably reduced in six-leaf
plantlets, where division had slowed down considerably. In
two-leaf plantlets (Supplementary Data 2), mutations of E2F
elements led to decreased promoter activity compared to WT
suggesting that these elements acts as activators with the com-
posite element playing a major role in dividing tissues as pre-viously observed. Remarkably, the single E2F element of the
RNR2 promoter switched from activator to repressor in six-
leaf plantlets reﬂecting the situation in mature leaves. On the
opposite, mutation of the composite E2F elements in RNR
promoters had no eﬀect on promoter activities in six-leaf
plantlets.
In young and mature leaves, transcript levels paralleled the
activities of RNR promoters (Fig. 1D), suggesting an impor-
tant transcriptional regulation of RNR genes in tobacco. The
high RNR1a promoter activity mainly detected in young leaves
is reminescent of that found in leaf trichomes (Fig. 1E1).
Although trichomes are generated from single giant endoredu-
plicated cells in Arabidopsis [17], the existence of large individ-
ualized cells presenting active RNR1a promoter activity in leaf
and petal trichomes (Fig. 1E2) might result from both cell divi-
sion and endoreduplication. In addition, signiﬁcant GUS
staining was observed in anther tapetum and endosperm of
mature seed in all transgenic lines (Fig. 1E3–4). Endoredupli-
cation may possibly occur in these tissues, but this process
has not been studied in detail throughout tobacco develop-
ment, notably in terms of timing and extent.
Our previous results had revealed the particular role of the
distal composite E2F element of the RNR2 promoter during
cell cycle progression, switching from repressor to activator
at the entry of S phase [5]. To establish a general model of reg-
ulation, we investigated the role of E2F elements in the RNR1a
promoter during cell cycle progression. Previous described
promoter constructs fused to the GUS reporter gene, i.e. WT
promoter, promoter with the mutated distal E2F element
(dMU) or the mutated proximal E2F element (pMU) were
fused to the luciferase reporter gene and introduced into
BY2 cells as stable transformants which were synchronized
by aphidicholin. Analyses were initiated 4 hours after removal
of the drug, in G2, to avoid the eﬀect of the replicative stress
due to aphidicholin (Fig. 2A). Cell synchronization was fol-
lowed by the measurement of DNA synthesis and mitotic in-
dex: the peak of mitosis occurred 8 h after aphidicholin
removal while maximal DNA synthesis was reached after
16 h. Mutation of the composite E2F element induced a higher
activity of the promoter compared to the WT construct during
cell cycle except at the entry of S phase, whereas mutation of
the single element reduced promoter activity outside S phase
and prevented any G1/S induction of the promoter. Conse-
quently, we can postulate that the distal composite E2F ele-
ment acts mainly as a repressor throughout the cell cycle,
whereas the proximal E2F element behaves as a strong activa-
tor contributing to RNR1a promoter induction at the entry of
S phase. Such variation in the role of these E2F elements
through the cell cycle is linked to changes in the binding activ-
ity of complexes to these motifs whose speciﬁcity was previ-
ously demonstrated [6]. Indeed, two speciﬁc complexes (I and
II, arrows in Fig. 2B) were detected with the WT probe carry-
ing the composite element (dE2F, Fig. 2B), with a decreased
binding aﬃnity of complex I in S phase: this suggests a de-
creased availability of the factor and/or partners associated
with this complex, probably leading to a partial loss of repres-
sion acting on this motif at the entry of S phase. On the con-
trary, the WT probe corresponding to the single E2F
element (pE2F) detected a speciﬁc complex in all phases of
the cell cycle whereas a higher molecular weight complex (star
in Fig. 2B) was detected in S phase suggesting the existence of
a possible co-regulator in S phase.
Fig. 1. E2F driven expression of NtRNR1a and NtRNR2 genes throughout tobacco development. Transgenic tobacco lines harbouring WT
promoters or promoters with the mutated distal E2F element (dMU), mutated proximal E2F element (pMU) or both mutated E2F elements (dpMU)
fused to the GUS reporter gene were analyzed. Measurements of GUS activity were performed in 10 individual transgenic lines for each construct,
error bars are indicated. (A) A schematic presentation of the E2F elements present on the promoters is shown, indicating the position of the TATA
box (white box), the single E2F motif (black box) as well as the E2F composite element  (CDE and E2F inverted overlapping motifs, hatched box).
The orientation of the elements on the promoter is indicated by arrows. (B) GUS activities were measured in young (YL) and mature (ML) leaves.
For both RNR1a and RNR2 promoters (black and white bars respectively). (C) GUS activities were evaluated in two-and six-leaf plantlets (black and
white bars, respectively). (D) Analyses of RNR1a and RNR2 transcript level in mature (ML) and young leaves (YL). Twenty micrograms of total
RNA of each sample were loaded. RNA gels blots were hybridized with speciﬁc 3’UTR probes of RNR2 and RNR1a cDNAs as well as with 18S
rDNA (c) to control the uniformity of loading. (E) Histochemical localization of GUS activity in transgenic tobacco plants carrying the promoter
NtRNR1a-GUS fusion in trichomes, from young leaves (E1) and sepals (E2); in anther tapetum (E3) and in the cross-section of a mature seed (E4)
without the embryo showing GUS expression in the endosperm (en) but not in the seed coat (sc). Bars = 125 lm.
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may also be due to the availability of factors in dividing or dif-
ferentiated tissues. An antibody directed against the human
E2F5 DNA binding domain (DBD), which is well conservedbetween plants and mammals, revealed the E2F factors present
in the tobacco samples (Fig. 3A) as well as a puriﬁed His-
tagged tobacco E2F factor (NtE2F) as a control [5]. E2F fac-
tors of 45 and 60 kDa were present in signiﬁcant amounts in
Fig. 2. Analysis of the role of E2F elements of the RNR1a promoter
during cell cycle in BY2 tobacco cells. LUC activity was measured for
WT promoters (WT) or promoters with the mutated distal E2F
element (dMU) or proximal E2F element (pMU) fused to the LUC
reporter gene. (A) BY2 transgenic lines harbouring promoter-LUC
fusions were synchronized by aphidocholin and monitored for cell
cycle progression by measurements of DNA synthesis (black squares)
and mitotic index (dashed line). LUC activities of the constructs were
measured in cell extracts harvested at diﬀerent time points of the cell
cycle from G2 to S phases. Error bars indicate S.D. The composite
E2F element is indicated by . (B) Binding activities of the E2F
elements of the RNR1a promoter during cell cycle progression. [32P]-
labelled WT DNA probes (P) corresponding to the distal composite
E2F element (dE2Fc) or proximal E2F element (pE2F) were used in
band shift experiments performed with G2, M, G1 and S phase nuclear
extracts. Speciﬁc complexes (I and II) are indicated by arrows. The star
indicates the higher molecular weight complex detected in S phase with
the pE2F probe.
Fig. 3. Evolution of NtE2F protein accumulation throughout tobacco
development and cell cycle. (A) Fifteen micrograms of total protein
extract from young (YL), and mature tobacco leaves (ML) were
loaded in parallel with 15 ng of the puriﬁed tobacco tagged E2F factor
as a control (NtE2F). (B) Fifteen micrograms of G2, M, G1 and S
phase nuclear protein extracts from synchronized BY-2 cells were
loaded. The protein gel blots were incubated with an antibody directed
against the DNA binding domain of the human E2F5. The lower part
of the ﬁgure presents the Coomassie blue staining of the gel as a
control of loading.
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tected in mature leaves (ML, arrow). During cell cycle progres-
sion (Fig. 3B), the level of a 45 kDa factor was particularly
increased in G1 and S phases, whereas a 60 kDa E2F factor
was only faintly detected in G2 (arrow), suggesting that this
factor might be a repressor element acting on CDE elements.In summary, we propose a model in which the composite ele-
ment carrying the CDE element of both tobacco RNR promot-
ers plays a dual role throughout plant development, notably
RNR2 promoter switches from an activating element in divid-
ing tissues to a moderate repressor in diﬀerentiated tissues as
described for PCNA promoter [7]. Moreover, we identiﬁed
downstream of the CDE element a ‘‘CHR’’ (cell cycle gene
homology region) in PCNA and RNR2 promoters described
in mammals to modulate the role of the CDE element [8]. This
could explain the modulation of activity (switch from repres-
sion to activation) of the composite element of RNR2 pro-
moter during the cell cycle as well as between dividing and
non-dividing tissues. Such pattern of regulation may result
from the availability of E2F factors in tissues or throughout
the cell cycle. In Arabidopsis, speciﬁc E2F factors such as
E2Fa are rate-limiting during cell cycle [18] or during leaf
development [19] as well as the repressor DEL1 factor which
is still present in mature leaves [20]. Alternatively, we cannot
exclude that a set of E2F factors binds diﬀerentially to the
CDE in the composite responsive element as was described
for cyclin A, B-myb or aurora B promoters [9,21]. Association
of diﬀerent types of E2F complexes on plant promoters at the
level of the CDE site might modulate the speciﬁc pattern of
gene expression as described in mammals [22].
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